56. Smyth A, Griffin M, Yusuf S et al. Diet and major renal outcomes: a prospective cohort study. The NIH-AARP Diet and Health Study. Correspondence and offprint requests to: Robert G. Nelson; E-mail: rnelson@nih.gov *These authors contributed equally to this article.
and its vascular complications [7] [8] [9] . These findings are thought to be related, at least in part, to the activation of WBCs by advanced glycation end-products. These activated cells in turn produce pro-inflammatory cytokines causing local tissue damage [10] [11] [12] .
This study evaluated the cross-sectional relationship of WBCs with the underlying lesions of DKD in 108 Pima Indians who underwent research kidney biopsies. Also assessed was the predictive value of WBC variables for renal function loss (RFL) in a French cohort from the SURDIAGENE study. The longitudinal relationship with RFL was examined in SURDIAGENE because of the small number of events during follow-up in the Pima Indian cohort [13, 14] .
M A T E R I A L S A N D M E T H O D S

Study subjects and design
A total of 169 Pima Indian adults with Type 2 diabetes from the Gila River Indian Community participated in a 6-year randomized clinical trial testing the renoprotective efficacy of losartan versus placebo in early DKD (ClinicalTrials.gov number, NCT00340678). At the end of the trial, 111 participants underwent a research kidney biopsy to determine whether treatment was associated with preservation of kidney structure [13] . Thereafter, participants continued to be followed with annual measurements of glomerular filtration rate (GFR) [14] .
For the present study, we selected the examination nearest to the date of the biopsy that had complete WBC data and we examined the associations between the WBC variables and kidney morphometric measurements. Of the 111 individuals who underwent biopsy, the 108 with complete WBCs and other relevant covariate measurements were included in the present analyses. This study was approved by the Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases. Each participant signed an informed consent document.
SURDIAGENE is a French single-center prospective cohort of patients with Type 2 diabetes who regularly visit the diabetes department at Poitiers University Hospital, Poitiers, France [15] . Patients were enrolled from 2002 to 2012. At baseline, 1468 patients were examined. Not all participants had a complete blood count at that visit, so the nearest available measurement was selected. A subset of the cohort (n ¼ 941), with complete WBCs and other relevant covariate data, who also had subsequent visits were included in the present study. All but 31 (3.4%) of the participants in this cohort were Caucasians. Kidney function and vital status of all SURDIAGENE participants was confirmed through 31 December 2013. The Poitiers University Hospital Ethics Committee approved the study. Each participant signed an informed consent document.
Clinical and anthropometric measures
In both cohorts, five different subpopulations of WBCs were quantified; lymphocytes, neutrophils, monocytes, eosinophils and basophils. Participants were afebrile and free of acute illness at the time of examination, and all had a total WBC count within the normal range (3500-10 500 cells/mm 3 in the Pima Indians and 4000-10 000 cells/mm 3 in SURDIAGENE). Blood pressure was measured in both cohorts while subjects were seated; mean arterial pressure (MAP) was calculated as (2 Â diastolic blood pressure þ systolic blood pressure)/3. HbA1c was measured by high-performance liquid chromatography (HPLC). Iothalamate concentration for GFR determination in the Pima Indians was also measured by HPLC [16] . GFR was estimated by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [17] in both cohorts. Urine albumin concentration was measured in both cohorts by immunoassay and serum/urine creatinine by a modified Jaffé reaction [18, 19] . Albumin excretion was assessed by the albumin:creatinine ratio (ACR). Urine albumin concentrations below the detection limits of the assays were set to those limits when computing ACR. Smoking data available in the SURDIAGENE cohort was reported as active smoker or non-smoker at the time of the research examination.
Morphometry of DKD
Kidney structural parameters, measured using quantitative morphometric methods [14, 20] , included mean glomerular volume, glomerular basement membrane (GBM) width, mesangial fractional volume, glomerular filtration surface density, total filtration surface per glomerulus, cortical interstitial fractional volume, percent globally sclerotic glomeruli, number of podocytes per glomerulus, podocyte foot process width, percent podocyte detachment and percentage of normally fenestrated endothelium [14, [21] [22] [23] [24] . An equation was used to calculate the percentage of sclerotic glomeruli [25] . An average 6 standard deviation (SD) of 15 6 6 glomeruli per biopsy were examined by light microscopy and 3 6 1 by electron microscopy for the morphometric measurements.
Circulating WBCs within glomerular capillaries were identified and counted in electron microscopy images by a masked observer in 11 participants with few glomerular lesions and 9 with severe lesions. The number of WBCs per glomerular profile was divided by the number of glomerular capillary profiles, and the average count per biopsy was calculated. Participants with few glomerular lesions were selected from those in the lowest quartile of GBM width and highest quartile of glomerular filtration surface density and endothelial fenestration. Participants with severe lesions were selected from those in the highest quartile of GBM width and lowest quartile of glomerular filtration surface density and endothelial fenestration.
Statistical analyses
Data are presented as mean 6 SD or median [interquartile range (IQR)]. Seven WBC variables were included in the analyses: total WBC count, lymphocyte fraction, neutrophil fraction, monocyte fraction, basophil fraction, eosinophil fraction and the neutrophil:lymphocyte ratio. Associations of WBC variables with clinical and morphometric measures were examined by Pearson correlations. Variables with non-normal distributions were either log 2 or rank transformed, whichever was appropriate. WBCs and morphometric variables were standardized in all regression analyses. A rank transformation itself produces a standardized variable, but those that were not transformed or underwent log 2 transformation were subsequently standardized for analysis. Stability of the WBC measurements over time was assessed by Pearson correlations between two sets of measurements in subsets of participants from both cohorts in whom repeat measurements were available.
Linear regression models were used to examine the association between WBCs and the morphometric variables adjusted for sex, treatment assignment during the clinical trial and baseline age, diabetes duration, HbA1c, MAP and GFR. ACR was not included in these models because it is highly correlated with the underlying structural lesions. Treatment assignment was included as this was an important exposure in the 6 years leading up to the present study. Regression model fit was assessed for normality and leverage with 'Studentized' residuals. Multicollinearity was assessed with eigenvalues and the condition index [26] . Each WBC variable was also tested for interaction with treatment assignment. Associations between WBCs and morphometric variables were illustrated by partial Pearson correlation coefficients.
Cox proportional hazards regression was used to examine the relationship between the baseline WBC variables and RFL, defined by a decline in estimated GFR during follow-up of !40% [27] . We reported previously that structural lesions strongly predicted this outcome [28] . Hazard ratios (HRs) were expressed for a 1 SD increment in the distribution of each WBC variable. Two models were described: (i) univariate and (ii) adjusted for age, sex, duration of diabetes, HbA1c, MAP, GFR and log 2 ACR. The proportionality assumption for each covariate was assessed by the cumulative sums of Martingale residuals [29] . To assess the extent to which WBC variables enhanced prediction of RFL, generalized c-statistics were calculated for the fully adjusted models accounting for variable follow-up times [30] . Comparisons between nested models that included or excluded the analyte of interest were assessed by likelihood ratios tests [31, 32] . In addition, relative integrated discrimination improvement (rIDI) was calculated to assess the improvement in the 5-year RFL risk prediction of each WBC variable in addition to traditional DKD risk factors [33] ; the 5-year risk was selected as it approximates the median follow-up time for the RFL outcome. The 95% CIs for the rIDIs were computed based on 1000 bootstrap samples. Table 1 shows the clinical characteristics of the Pima Indian cohort at the research examination closest to the kidney biopsy and the SURDIAGENE cohort at baseline. SURDIAGENE participants were older, and had better glycemic control and lower estimated GFR than the Pima Indian cohort (76 6 21 versus 108 6 25 mL/min/1.73 m 2 ). The median time between the research examination at which the WBC count was measured and the kidney biopsy in the Pima Indians was 0.2 years (IQR ¼ 0.09-0.4 years); 795 SURDIAGENE participants had a WBC count measured apart from the baseline examination, so the median time between the baseline examination and WBC measurement was 1.6 years (IQR ¼ 0.2-2.9 years).
R E S U L T S
Stability of the WBC measurements was examined by Pearson correlations between WBC variables measured at two separate times in subsets from each cohort. WBC counts measured twice over a median of 0.52 years (IQR ¼ 0.13-0.96 years) in 96 (89%) of the Pima Indians were correlated (r ¼ 0.64, P < 0.001), as were lymphocyte (r ¼ 0.54, P < 0.001), neutrophil (r ¼ 0.39, P < 0.001), monocyte (r ¼ 0.66, P < 0.001), eosinophil (r ¼ 0.56, P < 0.001) and basophil (r ¼ 0.40, P < 0.001) fractions in the subset of 95 Pima Indians with data for the WBC fractions at both measurements. Similarly, WBC counts measured twice over a median of 0.60 years (IQR ¼ 0.24-0.86) in 487 persons (52%) from the SURDIAGENE cohort were correlated (r ¼ 0.41, P < 0.001), as were lymphocyte (r ¼ 0.60, P < 0.001), neutrophil (r ¼ 0.53, P < 0.001), monocyte (r ¼ 0.49, P < 0.001), eosinophil (r ¼ 0.79, P < 0.001) and basophil (r ¼ 0.36, P < 0.001) fractions.
Pearson correlations of WBC variables with clinical characteristics in both cohorts are shown in Supplementary data, Table S1 . None of the WBC variables correlated significantly with fasting plasma glucose concentration, HbA1c or GFR in the Pima Indians, but lymphocyte fraction correlated negatively with ACR. Except for a small but statistically significant correlation between basophil fraction and treatment with a diabetes medicine (r ¼ 0.19, P ¼ 0.046), WBC variables did not correlate with diabetes, antihypertensive or lipid lowering treatment, or with treatment assignment during the clinical trial preceding the kidney biopsy in the Pima Indians. Similarly, in the SURDIAGENE cohort, none of the WBC variables correlated with random plasma glucose concentration in the 421 participants with available glucose data. Several small but statistically significant correlations (ranging from À0.12 to 0.16) between some WBC variables and smoking or treatment with diabetes, lipid lowering or antihypertensive medicines were also found. Lymphocyte fraction correlated negatively with ACR, and positively with estimated GFR. In addition, neutrophil fraction, monocyte fraction and the neutrophil:lymphocyte ratio correlated negatively with estimated GFR, and neutrophil fraction and the neutrophil:lymphocyte ratio correlated positively with ACR. Lymphocyte fraction correlated negatively, and monocyte and basophil fractions correlated positively with serum creatinine concentration in both cohorts. When we examined the correlation between WBCs and estimated GFR in the Pima Indians, lymphocyte fraction correlated positively and monocyte, eosinophil and basophil fractions, and the neutrophil:lymphocyte ratio correlated negatively with estimated GFR (data not shown). These findings suggest that the WBC correlations with estimated GFR in the two cohorts were attributable largely to their correlations with serum creatinine concentration, as there were no statistically significant correlations with measured GFR in the Pima Indians.
Morphometric parameters in the Pima Indians are shown in Table 2 . Univariate Pearson correlations of WBC variables with morphometric parameters in the Pima Indians are shown in Supplementary data, Table S2 . After adjustment for age, sex, diabetes duration, HbA1c, MAP, GFR and treatment assignment during the clinical trial, five of the eight statistically significant univariate correlations remained (Table 3) . Lymphocyte fraction correlated positively, and neutrophil fraction and the neutrophil:lymphocyte ratio correlated negatively with the percentage of normally fenestrated endothelium. Lymphocyte fraction correlated negatively with GBM width, and eosinophil fraction correlated negatively with the glomerular filtration surface density. In addition, after adjustment for potential confounders, eosinophil fraction also correlated positively with GBM width. For illustration, partial residual regression plots of the adjusted relationship of the lymphocyte fraction, neutrophil fraction and neutrophil:lymphocyte ratio with the percentage of fenestrated endothelium are shown in Figure 1 . When the analysis was restricted to the 100 participants in whom the WBCs were measured within 1 year of the baseline examination, statistically significant correlations remained between lymphocyte and neutrophil fractions and the percentage of normally fenestrated endothelium, and between eosinophil fraction and GBM width or glomerular filtration surface density (data not shown). In addition, eosinophil fraction correlated inversely with total filtration surface per glomerulus.
A significant interaction with treatment assignment was found in the relationship between monocyte fraction and cortical interstitial fractional volume, mesangial fractional volume and podocyte number per glomerulus. When analyzed separately by treatment assignment, monocyte fraction correlated positively with podocyte number per glomerulus in those who were randomized to receive placebo during the clinical trial (r ¼ 0.35, P ¼ 0.025), but not in those who were randomized to receive losartan (r ¼ À0.17, P ¼ 0.217). Conversely, monocyte fraction correlated positively with cortical interstitial fractional Partial correlations between differential counts (rather than fractions) and the morphometric parameters after additional adjustment for total WBC count are shown in Supplementary data, Table S3 . Lymphocyte count correlated positively with the percentage of normally fenestrated endothelium and negatively with GBM width.
The number of WBCs per glomerular capillary profile in the subset of nine participants with the most severe structural injury (0.08 6 0.02) was 2.7 times as high as in the 11 participants with the least structural injury (0.03 6 0.02, P < 0.001). The correlation between the number of WBCs per glomerular capillary and the total WBC count was not statistically significant (r ¼ À0.03, P ¼ 0.900), suggesting that the increased number of WBCs per glomerular capillary was not related to increased numbers of circulating WBCs. We frequently observed leukocyte projections touching endothelial cells within the glomerular capillary in the electron microscopy images, suggesting signaling between these two cell types (Figure 2 ).
In the SURDIAGENE cohort, baseline WBC parameters were assessed as predictive variables for follow-up RFL. During median follow-up of 4. Table 4 ). The c-statistic for the fully adjusted model predicting RFL was 0.707 when it did not include a WBC variable. The addition of the lymphocyte fraction increased the c-statistic to 0.728 (likelihood ratio test P < 0.001, rIDI 23.4%, 95% CI 7.6-44.0); the addition of the neutrophil fraction increased the cstatistic to 0.717 (likelihood ratio test P < 0.001, rIDI 14.9%, 95% CI 3.6-29.8); and the addition of the neutrophil:lymphocyte ratio increased the c-statistic to 0.725 (likelihood ratio test P < 0.001, rIDI 20.1%, 95% CI 6.0-37.7). Associations of differential counts (rather than fractions) and the neutrophil:lymphocyte ratio after additional adjustment for total WBC count are shown in Supplementary data, Table S4 . Statistically significant relationships of lymphocytes and neutrophils with RFL were present with both fractions and counts, and the relationship between the neutrophil:lymphocyte ratio and RFL was largely unchanged when adjusted additionally for total WBC count. Conclusions were unchanged when analysis was restricted to the 346 individuals in whom the WBC count was measured within 1 year of the baseline examination. When restricted to the 910 Caucasians in the SURDIAGENE cohort, the relationship between total WBC count and RFL in the fully adjusted model was no longer statistically significant The correlation is shown on top, and the P-value below. Statistically significant correlations (P < 0.05) are shown in bold. NLR ¼ neutrophil:lymphocyte ratio.
(HR ¼ 1.10, 95% CI 0.98-1.23), but the overall conclusions were otherwise unchanged.
D I S C U S S I O N
Several WBC fractions and the neutrophil:lymphocyte ratio are modestly but statistically significantly associated with DKD lesions in Pima Indians with Type 2 diabetes. Specifically, lower lymphocyte fraction, higher neutrophil fraction and higher neutrophil:lymphocyte ratio were each associated with a lower percentage of endothelial fenestrations. We and others reported previously that loss of endothelial fenestrae correlates with elevated albuminuria [22, 34] , and the percentage of normally fenestrated endothelium predicts RFL in Pima Indians [28] . Further examination of a subset of kidney biopsies suggested that extensive glomerular injury was associated with increased numbers of WBCs per glomerular capillary. These WBCs often had projections touching the glomerular capillary endothelial cells, suggesting that signaling may be occurring between them. The nature and impact of this signaling is unknown, but may be important given the association between the WBCs and the percentage of endothelial fenestrations in this study. In addition, higher eosinophil fraction and lower lymphocyte fraction were each associated with higher GBM width, another structural parameter predicting RFL in this population [28] . Separately, in the SURDIAGENE cohort, total WBC count, lymphocyte and neutrophil fractions and the neutrophil:lymphocyte ratio were each significantly associated with RFL, even after ACR was included in the multivariate analysis. Each of these WBC variables significantly improved the accuracy of RFL prediction when considered in addition to traditional renal risk factors. These findings suggest that modest differences in several WBC fractions reflect and may contribute to the underlying tissue injury that leads to progressive GFR loss in DKD.
Higher total WBC counts are associated with the development of and the microvascular and macrovascular complications that accompany Type 2 diabetes [7, 8, 35] . In a cross-sectional study of 1480 Chinese persons with Type 2 diabetes [35] , participants in the highest versus the lowest quartile of WBC counts had a 4.2-fold increased odds of DKD, defined by an ACR !30 or a serum creatinine concentration >1.5 mg/ dL. In addition, participants in the highest quartile of neutrophil counts had a 5.5-fold increased odds and those in the highest quartile of monocyte counts had a 3.5-fold increased odds of DKD. On the other hand, lower lymphocyte counts were associated with higher risk of DKD (odds ratio of highest versus lowest quartile ¼ 0.6). Although there was no relationship with eosinophil counts after adjustment for potential confounders, eosinophils may play an important role in DKD. In 783 Japanese persons with Type 2 diabetes, eosinophil counts were associated with albumin excretion rate in men [36] . Moreover, aggregates of interstitial eosinophils were more common in kidney biopsies in persons with DKD than in other types of kidney disease, including allergic interstitial nephritis, and these interstitial eosinophilic aggregates were associated with more interstitial fibrosis and tubular atrophy [37] .
In a longitudinal study of 1 594 700 veterans in the USA (28.6% with diabetes), higher baseline monocyte counts in the peripheral blood were associated with higher risk of incident chronic kidney disease (estimated GFR <60 mL/min/1.73 m 2 ) and ESRD during median follow-up of 9.2 years [38] . In the kidneys, monocytes may become activated macrophages secreting pro-inflammatory factors such as tumor necrosis factor a (TNFa), interluekin-1, interleukin-6 and reactive oxygen species [39] , which may contribute to this observation. Relationships between monocyte fraction and structural parameters in the present study were influenced by the study treatment during the 6-year trial that preceded the kidney biopsy. We found no relationship between monocyte fractions and RFL.
We examined the relationships of cell fractions rather than cell counts with morphometric variables and RFL in the present study, because the fractions include information about the relative abundance of each leukocyte species. In the Supplementary tables, we have also reported relationships with WBC counts. Whereas the relationship of counts and fractions with RFL were consistent, fractions were more strongly associated with the morphometric variables. We also evaluated the neutrophil:lymphocyte ratio, as this ratio may also be a better predictor of inflammation than counts alone [40] . Factors such as the level of hydration or the handling of blood samples may affect the absolute counts more than either the fractions or the ratio. In addition, the neutrophil:lymphocyte ratio integrates non-specific inflammation marked by elevated neutrophils with signs of physiological stress indicated by lymphopenia. Indeed, the neutrophil:lymphocyte ratio is the strongest WBC predictor of adverse outcomes in coronary artery syndromes [41] . In DKD, the neutrophil:lymphocyte ratio was associated with 24-h urine protein and albumin excretion in 80 Turkish patients with newly diagnosed Type 2 diabetes [42] , and correlated positively with the presence of microalbuminuria and inversely with the estimated GFR in 114 Turkish patients with Type 2 diabetes of longer duration [43] . In our study, the neutrophil:lymphocyte ratio was associated with structural lesions of DKD and with progressive GFR loss that occurs in the presence of those lesions.
Strengths of this study include the availability of research kidney biopsies and the morphometric methods used to assess kidney structure. Demonstrating relationships between WBC fractions and RFL in a separate cohort provides independent confirmation for WBCs' role in progressive DKD, and the consistency of the findings across racial groups suggest these results can be generalized. Weaknesses include the cross-sectional morphometric analysis, which precludes assessment of predictive associations between WBCs and kidney structure. The Table 4 . Unadjusted and multivariable Cox models are shown for the association of the total WBC count, differential fractions and the neutrophil:lymphocyte ratio with !40% decline in estimated GFR from the baseline value in the SURDIAGENE cohort relatively small cohort and loss to follow-up from progressive kidney disease limited more robust examination of relationships between WBCs and RFL in the Pima Indians. Although we do not have complete data for measurements of other pro-inflammatory markers in these cohorts, a recent SURDIAGENE study, including some participants from the present study, found a relationship between elevated serum TNF receptor 1 and RFL [44] . Moreover, the combination of serum TNF receptor 1, N-terminal prohormone brain natriuretic peptide and midregional-proadrenomedullin, which each may increase inflammation in certain settings, yielded the strongest association with RFL [44] . In subsets of the present Pima Indian cohort, we found that elevated serum TNF receptors 1 and 2 [45] and advanced glycation end-products [46] were associated with the structural determinants of RFL. Together, these findings suggest a substantial role for inflammation in the development of the structural lesions that ultimately lead to progressive DKD. Our findings are based on a single measurement of the WBC variables in each cohort. Moreover, WBC measurements in the Pima Indians were not performed at the time of the kidney biopsy, but at an examination near the time of biopsy, and the median interval between the baseline examination and measurement of the WBC variables in the SURDIAGENE cohort was 1.6 years. Hence, variability of these measurements may influence our findings. Little is known about the stability of these measurements. After normalizing for population variance, the average fluctuation of WBC counts measured four times over 6 weeks in 45 patients in a Canadian study was 4.2% [47] . In the Pima and SURDIAGENE cohorts, correlations between WBC measurements made a median of 0.52 and 0.60 years apart, respectively, ranged from 0.39 to 0.66, suggesting modest stability of these measures over time. We did not adjust for multiple comparisons in our analyses because this was an exploratory study, and we wanted to avoid masking relationships of potential interest. The consistency of the neutrophil and lymphocyte relationships with morphometric variables and with the risk of RFL across cohorts provides some assurance against false-positive results.
In conclusion, a routine WBC count and differential provide clinically relevant information about DKD risk in Pima Indians and Caucasians with Type 2 diabetes. Lymphocytes and neutrophils, which together represent $90% of WBCs, had the strongest associations with structural lesions of DKD and with RFL. Neutrophil and lymphocyte fractions and the neutrophil:lymphocyte ratio each modestly but significantly improved prediction of RFL over traditional risk factors. The value of these WBC parameters may be enhanced by combining them with other markers of inflammation, especially those localized predominantly to the kidneys.
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